In this pa per the op er a tion of a re vers ible Kalina power cy cle driven by low tem pera ture heat sources has been stud ied. A nu mer i cal model has been de vel oped to an alyze ther mo dy nam i cally
In tro duc tion
The Kalina cy cle is sim i lar to the Ran kine cy cle ex cept that it heats two flu ids, such as am mo nia and wa ter, in stead of one. In con trary to one-fluid work ing me dia such as wa ter or pentan, the am mo nia-wa ter mix ture boils over a large tem per a ture range by pre de fined pres sure. Sin gle one phase me dia boils and con dense over con stant tem per a ture. In the Kalina cy cle the mix ture boils over a con stantly rais ing tem per a ture and con denses over a con stantly di min ish ing tem per a ture: the am mo nia in the mix ture be gins to va por first and as it boils off, its con cen tration de creases, and the boil ing tem per a ture of the mix ture in creases. This re duces the tem per ature mis match be tween the heat source and the fluid in the boiler and al lows an ef fi ciency rise in the cy cle com par ing to a sin gle fluid me dium. The mix ture's com po si tion var ies through out the cy cle so that each time the best pos si ble match ing be tween the work ing me dium and the heat source can be achieved.
The first pub li ca tion on a Kalina cy cle in cluded a com bined cy cle ap pli ca tion us ing waste heat to pro duce power [1] . It uses NH 3 -H 2 O as a work ing me dium and shows a ther mo dynamic ef fi ciency con sid er ably higher than that of a Ran kine cy cle.
Rodgakis [2] and Rodgakis et al. [3] de scribed and parametrically an a lyzed a Kalina power cy cle driven by a heat source of high to mod er ate tem per a tures which works with three pres sure lev els. In this cy cle the heat con tained in the ex haust steam is used to drive a "ther mal com pres sor" al low ing a higher tur bine ex pan sion ra tio and a higher ef fi ciency.
Kalina et al. [4] pre sented a power cy cle for geo ther mal ap pli ca tions. In this study, it was shown that the Kalina cy cle has a higher power out put for a spec i fied geo ther mal heat source com pared with or ganic Ran kine cy cles and steam flash cy cles.
In the pres ent study, the op er a tion of a re vers ible dual pres sure Kalina power cy cle driven by low tem per a ture heat sources, sim i lar to the one in stalled in Husavic, Ice land [5] , has been ther mo dy nam i cally an a lyzed. The com plete pro cess has been rep re sented in de tail in temper a ture-en tropy and tem per a ture-enthalpy di a grams. An im proved con fig u ra tion has been proposed which ap pears to have a better per for mance. Fi nally, a para met ric anal y sis of the cy cle is con ducted and cor re la tions have been de vel oped which link the op er a tional pa ram e ters with the the o ret i cally achieved ef fi ciency.
De scrip tion of the cy cle
A power gen er a tion unit based on a Kalina cy cle in cludes the main parts: low-and a high tem per a ture co-current heat exchangers (re cu pera tors: H. T. -high temperature; L. T. -low tem per a ture), evap o ra tor, sep ara tor, tur bine, and con denser ( fig.  1 ).
This ar range ment is based on a Kalina power unit in stalled in Husavic, Ice land. A brief de scription of the cy cle fol lows ( fig. 1 ) Start ing at the out let of the absorber (state 0) the strong so lu tion of a mass frac tion X r is sat u rated at a low pres sure p L . This stream is pumped to a high pres sure by the feed pump (state 1r).The feed stream is pre heated in the low tem per a ture (state 2r) and the high tem per a ture (state 3r) re cu pera tors be fore en ter ing the evap o ra tor. In the evap o ra tor the mix ture is heated to T H , where it is par tially va por ized (state 4r). This mixed-phase fluid is sent to the sep a ra tor where the ba sic so lution is sep a rated into an en riched vapor X v (state 5) and a weak liq uid solu tion X w (state 4w). The high--pres sure, strong sat u rated va por from the sep a ra tor drives the tur bine as the va por rap idly ex pands and cools to a low tem per a ture, low pres sure ex haust (state 7). The sat urated liq uid so lu tion (state 4w), af ter re cu per at ing some of the heat at the high tem per a ture recuperator, is throt tled down to a low pres sure (state 2w). Then the ex panded stream (state 7) mix with the weak stream (state 2w), con denses and form the ba sic so lu tion com plet ing the cy cle; this can be achieved ei ther through a co-cur rent ab sorber ( fig. 1 ) or through a co-cur rent ab sorber ( fig. 2 ). The char ac ter is tics of each one of these ar range ments are de scribed thor oughly in the next chap ters.
Cy cle mod el ling

Con fig u ra tions and gen eral as sump tions
Two cy cle con fig u ra tions have been stud ied in this pa per. The model used for the ba sic cy cle con fig u ra tion is shown in fig. 1 . Three in de pend ent vari ables are suf fi cient to de ter mine the oper a tion of the cy cle. The in de pend ent vari ables are: -cycle low pressure, p L , -cycle minimum temperature T L (temperature at condenser exit), and -cycle maximum temperature T H (temperature at boiler exit).
Fol low ing streams are in volved in the cy cle: -a weak solution of mass m w = g kg and mass fraction X w (change 2w-4w), -a strong solution of mass m r = (1 + g) kg and mass fraction X r (change 1r-4r), and -a rich vapor stream of mass m v = 1 kg and mass fraction X r (change 5-7).
Fol low ing as sump tions were used in the cy cle mod el ing: -all processes taking place in the power cycle, apart from pumps, throttling valves and the turbine, are considered as constant pressure changes, -the strong mixture at condenser exit (state 0) and prior to enter the evaporator (state 3r) are at saturated condition, -the weak mixture after its throttling to the low pressure (state 2w) is at saturated condition, and -heat losses in the piping and the heat exchangers are neglected.
Us ing the vari ables and as sump tion listed, the prop er ties of all state points in the cy cle can be de ter mined.
For a bi nary mix ture ac cord ing to the Gibbs law, two in ten sive prop er ties and the compo si tion of the mix ture are suf fi cient to es tab lish all the other prop er ties. In case of a two-phase re gion (sat u rated con di tion) two in ten sive prop er ties (pres sure and tem per a ture) or an in ten sive prop erty and the com po si tion of the mix ture are suf fi cient.
The ther mo dy namic prop er ties of the mix ture NH 3 -H 2 O are cal cu lated us ing the equations of Ziegler and Trepp [6] which are valid for pres sures up to 50 bar.
State point cal cu la tion
A com puter code has been de vel oped in or der to cal cu late the ther mo dy namic prop erties of each state point of the cy cle.
The strong so lu tion is par tially va por ized in the boiler. A mass bal ance gives the va por mass frac tion (vmf) of point 4r: 
The enthalpy of point 4r (per mass unit of the rich so lu tion) is cal cu lated by the fol lowing re la tion:
x satvap (T, p) and x satliq (T, p) are func tions in the pro gram to cal cu late the con cen tra tion of am monia in the va por and liq uid mix ture, re spec tively, given the pres sure and the tem per a ture.
The weak liq uid stream from the H. T. recuperator (point 2w) and the va por stream expanded in the tur bine (point 7) mix to form the strong so lu tion at state 8r (con fig u ra tion with a co-cur rent ab sorber). The mix ing is as sumed to be a con stant to tal enthalpy pro cess.
A sim ple en ergy bal ance al lows the de ter mi na tion of enthalpy at state 8r (per mass unit of the rich so lu tion):
Ba sic equa tions
The enthalpy and en tropy as well as heat quan ti ties in volved in ev ery point of the process are re duced for 1 kg of vapour ex panded in the tur bine. The anal y sis tech nique, ini tially devel oped for a high tem per a ture tri ple pres sure Kalina cy cle [7] , is based on an as sump tion that in ev ery point of the pro cess two streams of dif fer ent NH 3 con cen tra tion flow in a co-or coun ter--cur rent ar range ment and ex change heat be tween them and the sur round ing. Fur ther, in ev ery cross-sec tion of the flow the two phases are con sid ered to be at sat u rated con di tion and in thermo dy namic equi lib rium.
· Mass balance
Mass quan tity of (1 + g) kg strong so lu tion flows in the evap o ra tor and will be sep arated to 1 kg va por mix ture and g kg of weak so lu tion. A mass bal ance of the vol a tile com po nent in the sep a ra tor gives the mass quan tity of the weak so lu tion g:
kg NH vapor
All heat quan ti ties cal cu lated are based on 1 kg of va por ex panded in the tur bine.
Re sults and dis cus sion
Rep re sen ta tion in T-s and T-h di a grams
The cy cle has been graph i cally rep re sented in tem per a ture-en tropy (T-s) and tem per ature-enthalpy (T-h) di a grams. Us ing these di a grams the tem per a ture level of each ther mo dy namic pro cess can be di rectly de picted in the abscise al low ing thus a di rect con clu sion about the fea si bility of heat ex change be tween the pro cesses. Fur ther, in the T-h di a gram the heat amount as well as the work in volved in each pro cess is rep re sented as sim ple length in the enthalpy axis whereas in the T-s di a gram heat or work is rep re sented as an area.
In the T-h and T-s di a grams the equi lib rium curves for the sat u rated liq uid and va por states of the pure com po nents (am mo nia and wa ter) are drawn for both pres sure lev els.
For the con struc tion of the equi lib rium curves for each pres sure level fol low ing pro cedure is ap plied: the sat u ra tion tem per a tures for the pure com po nents are cal cu lated. Us ing a temper a ture step be tween these tem per a tures, enthalpy, en tropy and mass frac tions of the two sat urated phases in equi lib rium are de ter mined.
In figs. 3 and 4 the T-s and T-h di a grams of the power cy cle (con fig u ra tion with the co-current ab sorber) are dis played. The com bi na tion of the curves 2r-3r-4r (strong so lu tion) and 2w-3w-4w gives a re sul tant curve 2-3-5 that can be found as fol lows.
For ev ery tem per a ture take the en tropy (or enthalpy) dif fer ence be tween the cor respond ing strong and weak so lu tions and mul ti ply this value by g. Add the value of this prod uct to the en tropy (or enthalpy) of the strong so lu tion and thus de fine the en tropy (or enthalpy) of an aux il iary stream, of mass flow rate 1 [kg] , that re quires the same heat quan ti ties as the com bi nation of the two real streams of the strong and weak so lu tions.
The re quired heat amount for ev ery part of the power cy cle can be de picted from the di a grams un der fol low ing con di tions: -the thermodynamic limit between the evaporator and the H. T. recuperator is the boiling temperature of the strong solution (state 3), -the stream of the weak solution after the separator which is warmer than the temperature of state 3 is considered as part of the evaporator, -the weak stream after its expansion (state 2w) is at saturated condition; this temperature is also the thermodynamic limit between the H. T. recuperator and the condenser (the influence of the throttling valve is negligible), and -the stream of the strong solution which is colder than the temperature of point 2w is considered as part of the condenser. 
Con fig u ra tion with a co-cur rent ab sorber
Fig ures 3 and 4 show the T-s and T-h di a grams of the con fig u ra tion with a co-cur rent ab sorber. The line 4w-2w de scribes the change of the weak stream com ing from the sep a ra tor. The tem per a ture of state 2w dic tates the tem per a ture at the exit of the tur bine. The line 1r-4r describes the change of the strong so lu tion com ing from the ab sorber. Line 8r-1r de scribes the equiv a lent flow (re duced to 1 kg of strong so lu tion) of the ab sorp tion of 1 kg of va por from g kg of weak so lu tion. The en tire power cy cle re duced to 1 kg of the va por ex panded in the tur bine is de scribed by the line 1-2-3-5-7-1.
Us ing the T-s di a gram the heat ex change fea si bil ity be tween the pro cesses can be succeeded by a sim ple com par i son of the slopes of the heat ac cept ing (curve 1r-2r-3r-4r) and the heat do nat ing lines (curves 4w-3w-2w and 8r-1r). In this way with ref er ence to fig. 3 the heat needed to drive the unit is eval u ated as fol lows.
For tem per a ture lev els be low the low est tem per a ture of the weak so lu tion (T 2 ) the heat quan tity re quired for the op er a tion of the L. T. heat exchanger is given by the co-cur rent ab sorber. So an ex ter nal heat source up to T 2 is not re quired. For tem per a ture lev els above T 2 the re quired heat to drive the H. T. recuperator and the evap o ra tor is given by an ex ter nal heat source.
Fig ures 5 and 6 show the tem per a ture-enthalpy and tem per a ture-en tropy di a gram of the con fig u ra tion with a co-cur rent ab sorber. Line 2w-1w de scribes the equiv a lent flow of the ab sorp tion pro cess, while line 7-2 de scribes the re sult ing stream of 1 kg of va por ex pand ing in the tur bine within the tem per a ture area of the ab sorber. All other changes shown are iden ti cal to the cy cle with a co-cur rent ab sorber.
Case stud ies ex am ined
Both power cy cle con fig u ra tions were eval u ated for fol low ing pa ram e ters: The con fig u ra tion with the co-cur rent absorber, for the ini tial param e ters listed above, has a ca. 25% higher effi ciency and ca. 30% higher power out put than the con fig u ra tion with the co-cur rent absorber. The cy cle ef fi ciency and the pro duced work per kg va por for var i ous val ues of the low pres sure are plot ted in figs. 7 and 8 for the two con fig u ra tions. For given max i mum and min imum tem per a ture of the cy cle rais ing the low pres sure causes a re duc tion of the pro duced work and the ef fi ciency of the unit. Con fig u ra tion with a co-cur rent ab sorber is more sen si ble to 
Fig ure 10 shows the in flu ence of the min i mum tem per a ture T L on the ef fi ciency of the unit for fixed val ues of the other pa ram e ters. Cy cle ef fi ciency rises as min i mum tem per a ture decreases which is due to a lower heat amount re quired to drive the unit. The ef fi ciency h has been cal cu lated for a great num ber of com bi na tions of the min imum tem per a ture T L (12 to 22 °C) and low pres sure p L (1 to 4 bar) and fol low ing cor re la tions have been de rived link ing the ef fi ciency with in de pend ent vari ables of the cy cle: 
The vari a tion of the pro duced work and the strong so lu tion mass ra tio (kg strong so lution per 1 kg va por) with the max i mum tem per a ture of the cy cle, for three val ues of the low pressure and a fixed min i mum tem per a ture T L = 22 °C, are plot ted in fig. 12 .
Fi nally, fig. 13 shows the dif fer ence be tween strong and weak so lu tion given the low pres sure and min i mum tem per a ture over a range of max i mum tem per a tures. The change is plotted over a va ri ety of low pres sures p L = 1, 2, 4, and 5 bar which cor re sponds to a strong so lu tion of mass frac tion X r = 34, 45, 59, and 65%, re spec tively.
Con clu sions
In the pres ent pa per, the op er a tion of a re vers ible Kalina power cy cle driven by low tem per a ture heat sources has been stud ied. The cy cle con fig u ra tion is based on a Kalina power unit in stalled in Husavic, Ice land. 
No men cla ture
